Tombusviruses are small icosahedral plant viruses which contain single-stranded positive-sense RNA genomes with lengths of approximately 4.8 kb. Defective interfering (DI) RNAs (22) , containing various small noncontiguous portions of the viral genome, have been found associated with several members of this group (1, 6, 8, 10) . These molecules range in size from approximately 0.4 to 0.8 kb and contain four highly conserved regions (I to IV) which include segments derived from the 5' terminus (I), an internal region (II), and the 3' terminus (III and IV) of the viral genome. Regions I, II, and IV are all essential for tomato bushy stunt tombusvirus (TBSV) DI RNA accumulation, whereas molecules in which region III is deleted are still biologically active (3) . The essential regions likely contain cis-acting elements important for RNA replication.
We have shown previously that the formation of tombusvirus DI RNAs likely involves replicase-mediated RNA recombination events, in which segments of the genome are deleted in a stepwise manner (24) . It was observed that the accumulation of a particular DI RNA species in protoplasts correlated with its competitive ability and that the major factor influencing competitiveness was replication efficiency. It was proposed, therefore, that replication efficiency was likely a major factor influencing the evolution of these molecules (24) . In the present study, we investigate DI RNA generation and evolution by analyzing additional structural features of TBSV DI RNAs which influence their competitiveness.
DI-73 evolves to both larger and smaller forms during serial passage in protoplasts. Previously, we have studied the evolution of TBSV DI RNAs by coinoculating in vitro-generated transcripts of various DI RNAs species with helper genome transcripts and subjecting the viral RNAs to serial passage in protoplasts (24) . In these passage series, transcripts of the genome of cucumber necrosis tombusvirus (CNV [19] , which shows 64% nucleotide identity to TBSV [7] ) were used to differentiate between input TBSV DI RNAs and DI RNAs that might be generated de novo from the helper. Previously, (Fig. 1 ) transcripts were coinoculated with CNV genomic transcripts into cucumber protoplasts and subjected to 10 serial passages by using a portion of the isolated total nucleic acid as inocula (24 Fig. 1 ), began to accumulate and became the dominant DI RNA species in the middle of the passage series (24) . As shown in Fig. 2 , DI-Rl accumulated to easily detectable levels in passage 6 but was no longer detectable by passage 9. The dominant DI RNA at passage 10, designated DI-B103 (Fig. 2) , exhibited similar electrophoretic mobility to that of .
Duplication of a segment in region II can increase DI RNA competitiveness. The observed timing of appearance of the DI RNAs in the passage series shown in Fig. 2 suggested that the larger DI-Rl molecules were more competitive than their intermediate-sized precursors and that the DI-72-sized molecules (i.e., DI-B103), which ultimately dominated, were more competitive than the DI-Ri molecules. Competition assays were performed in cucumber protoplasts, using CNV genomic RNA transcripts (CNV-K2/M5 [19] (Fig. 3A, cf. lanes 6 and 3) ; however, the accumulation of DI-73 was greatly reduced compared with the accumulation when it was inoculated singly with the helper (Fig. 3A , cf. lanes 6 and 4). This result showed that DI-Rl was more competitive than DI-73. As previously observed (24), DI-72 was more competitive than DI-73 in coinoculations (Fig. 3A, lane 8 ), but interestingly, DI-Rl was also more competitive than DI-72 (Fig. 3A, lane 7) . These Direct segment duplication has been reported in DI RNAs of various RNA viruses (9, 12, 23) ; however, the significance of such duplications has not been determined. We have demonstrated that a duplicated segment in region II is able to confer enhanced competitiveness and that the fitness of the molecule is consistent with its observed order of appearance in the passage series (i.e., DI-RI replaced DI-73). Duplication of segments in other naturally occurring TBSV DI RNAs in whole plants have been reported (3, 8) , and, similar to DI-Rl, they may also be more competitive than their counterparts which do not contain the duplications.
The role of region II in DI RNA accumulation is unclear, but it has been shown to be essential for the biological activity of TBSV DI RNAs, since deletion of the entire region, or of certain portions of it, render the molecules nonviable (3). In turnip crinkle virus DI RNAs, it was shown that replacement of deleted segments in nonviable DI RNAs with nonviral sequences of similar length resulted in restored viability (13) . We have found that transcripts generated from a modified pDI-72 construct, in which region II was inverted, do not accumulate to detectable levels (26) , suggesting that this region is not simply a spacer element. If cis-acting elements do reside in the region duplicated in DI-RI, this may increase the odds of trans-acting factors interacting with DI-Rl and may help to explain the enhanced competitive ability of this molecule. It is unclear, however, whether such an element would function in the plus or minus strand. We cannot, however, preclude the possibility that the duplication may be acting as a spacer element which is optimally positioning other cis-acting elements.
A single nucleotide insertion in region II can increase DI RNA competitiveness. The observation that DI-Rl was more competitive than DI-72 suggested that DI-B103, the molecule which ultimately dominated in the passage and which was predicted to be DI-72-like, must somehow be structurally different from DI-72. We used reverse transcription-PCR to amplify cDNAs to DI-B103, using the protocol described previously (24) , and the amplified molecules were cloned and sequenced. The DI-B103 molecules differed from DI-72 at only three nucleotide positions; an additional U residue was present at position 1393 and 2 nt (A and U) were deleted at the junction of regions III and IV (Fig. 1) . Transcripts of DI-B103 were synthesized in vitro and used in competition experiments with DI-Rl (Fig. 3B) . When coinoculated individually with CNV-K2/M5 helper, progeny of each DI RNA accumulated to similar levels (Fig. 3B, lanes 3 and 4) . When both DI-Rl and DI-B103 were coinoculated with CNV-K2/M5 helper, DI-B103 progeny accumulated to levels higher than those of DI-Rl progeny (Fig. 3B, lane 5) . DI-B103 was also more competitive than DI-Rl when TBSV helper (TBSV-100) was used (Fig. 3B (Fig. 4A, lanes 4 and 5) , but in competition experiments with DI-Rl, only DI-72XPU was able to compete more effectively than DI-Rl (Fig. 4A, cf. lanes 6 and 7) . Results essentially identical to these were observed when TBSV-100 was used as helper (data not shown). These data indicated that the additional U residue in region II could, on its own, confer enhanced competitive ability.
To determine whether the 2-nt deletion at the junction between regions III and IV in DI-B103 was also able to independently enhance competitive ability, a chimeric molecule of DI-72 and DI-B103 was constructed by using a RsaI site present in the 3' portion of region II (coordinate 1436) (Fig. 1) . DI-72/B103 contained the DI-72 sequence 5' to the RsaI site and the DI-B103 sequence 3' to the RsaI site and thus contained the 2-nt deletion between regions III and IV but not the U residue insertion in region II. DI-72/B103 was unable to effectively compete against DI-Rl in coinfections (Fig. 4B,   lane 6) , indicating that the 2-nucleotide deletion, on its own, could not confer enhanced competitiveness. The reciprocal chimera, DI-B103/72, containing only the extra U residue in region II, was more competitive than DI-Rl (Fig. 4B, lane 7) , confirming earlier results with DI-72XP (Fig. 4A) . Both the DI-72/B103 and DI-B103/72 constructs were sequenced completely to confirm that they contained only the predicted modifications, and all of these results were reproducible in independent experiments. Taken together, these data indicate that a single nucleotide insertion of a U residue at position 1393 is able to enhance TBSV DI RNA competitiveness.
It is interesting to note that region II in CNV DI RNAs contains the additional U residue at the corresponding position (6, 18) , as does the CNV genome (20) . The additional U residue in region II of DI-B103 therefore makes it more similar to the region II of CNV DI RNAs. If this region does represent a cis-acting element, making it more CNV-like might enhance its ability to interact with CNV-encoded trans-acting factors. This is relevant in light of the fact that CNV was the helper in the passage series in which DI-B103 was formed. Our competition assays indicated, however, that both DI-B103 and DI-72XPU (both of which contain the extra U residue) showed approximately the same level of competitiveness over DI-Rl, with either TBSV or CNV as the helper. This suggests that the higher level of competitiveness of DI RNAs containing the extra U residue is not helper specific.
A previous study of sequences essential for TBSV DI RNA accumulation indicated that a portion of region II containing the extra U residue can be deleted without eliminating the biological activity of the DI RNA (3). Our results show that although this region may be dispensable for accumulation, it can have a marked effect on DI RNA competitiveness. This result illustrates that nonessential regions of DI RNAs may play important auxiliary roles in DI RNA fitness. Furthermore, the observation that both of the modifications which enhanced competitiveness mapped to region II suggests that this region can play a significant role in DI RNA fitness and evolution.
Previously, we have shown that the smaller DI-72 is more competitive than the larger DI-73 (24) . We suggested that size alone was not entirely responsible for the higher level of competitiveness observed for smaller DI-72 and that the 3' deletion in DI-72 may make it more proficient at recruiting and/or utilizing trans-acting replication factors. Our present results indicate that larger DI RNAs (e.g., DI-Ri) can be more competitive than smaller ones (e.g., DI-73 and DI-72), thus confirming our earlier proposal that size alone does not dictate competitiveness.
Possible mechanisms for the formation of DI-Rl and DI-B103. Previously, we proposed a replicase-mediated copy choice-type mechanism (11, 17) to explain the formation of tombusvirus DI RNAs (24) , and a similar mechanism may be responsible for the generation of the direct duplication in DI-RI. The most stable computer-generated structure (4) of the 130-nt segment which was duplicated in DI-Rl is shown in Fig. 5A . The sequence is predicted to form a hairpin structure (Fig. 5A) , the majority of which is also present when the entire DI-73 molecule is folded (data not shown). The formation of a hairpin such as that shown in the replicase (during negative-strand synthesis) in transferring to a 3' position on the template after copying the segment (i.e., by placing the sites of dissociation and reinitiation in close proximity). Evidence suggests that intramolecular recombination (24) and recombination during negative-strand synthesis (25) can occur in tombusvirus infections.
Two separate events were likely involved in the formation of DI-B103: deletion of a 169-nt segment between regions III and IV and insertion of a U residue in region II. We reported previously the possible involvement of guide sequences in directing sites of recombination and also the potential for base-paired heteroduplex structures to form between samesense sequences at the upstream and downstream junction sites (24) . In the computer-predicted structure of region III/IV, the junction sites of the deletion between regions III and IV in DI-B103 map close to each other, as do previously identified junctions of region III and IV of other DI-72-like molecules (Fig. SB) . The close proximity of the junction sites on the predicted structure suggests that an intramolecular secondary structure may be involved in the generation of the deletions by (i) providing an obstacle for the replicase which may promote its stalling and dissociation and (ii) positioning the dissociation and reinitiation sites close to each other. A similar proposal has been made for the formation of DI RNAs of broad bean mottle virus (21) , and an analogous mechanism has been shown to function in intermolecular nonhomologous RNA recombination in brome mosaic virus (16) . A structure similar to that in Fig. SB could also theoretically form between two regions III/IV, suggesting that intermolecular recombination events similar to those described for brome mosaic virus (16) may also be possible. Intermolecular recombination has previously been demonstrated in tombusvirus infections of both protoplasts and whole plants (25) . Secondary structures have also been implicated in the formation of DI RNAs in coronaviruses (15) and flock house nodavirus (14) . For TBSV DI RNA formation, both secondary structure in the template(s) and guide sequence(s) in the nascent strands may function either together or independently to direct the deletion of sequences.
The introduction of the U residue into region II of DI-B103 may have also been the result of a recombination event involving DI RNAs. Recombinant tombusvirus RNAs in which nontemplated U and A residues were identified at junctions have been described previously (24, 25) . Alternatively, we cannot preclude the possibility that polymerase error (5) may be responsible for the addition of the U residue. The presence of other U residues at the site of the addition suggests that a replicase stuttering-type mechanism (2) may have been responsible for the addition.
